The main requirements for the adsorption of cigarette smoke vapours using active carbons and the methods currently being used to characterise and select carbons for this application are reviewed. Emphasis is placed on the total volume of smoke, the pulsed characteristics and relatively short challenge times, the compounds in the smoke and the environment in which adsorption takes place. Using experimental data, the types of carbons most suitable for cigarette filter application are considered, as are the adsorption kinetics required to meet this challenge. The concept of carbon ageing and the effects of water within the smoke are also reviewed.
INTRODUCTION
Cigarette smoke is a complex non-equilibrium mixture of chemicals (predominantly air), with thousands of compounds being generated from the incomplete combustion of tobacco (Rodgman and Perfetti 2009) . These are distributed between the gaseous phase and those particles which constitute the smoke aerosol (the particulate phase). The term "vapour phase" can be defined as the portion of smoke which passes through a circular glass fibre membrane -known commercially as a Cambridge filter pad (Borgwaldt KC GmbH) -at room temperature. The particulate phase is that which remains on the filter pad. In general, substances with a molecular weight (MW) below ca. 60 tend to be predominantly in the vapour phase, while substances with MW > 200 tend to be wholly in the particulate phase. The proportion of substances in the vapour phase increases as the vapour pressure of the pure compound increases. This distribution also depends on the polarity of the substance. For example, 41% of m-dimethylbenzene (MW 106) is in the vapour phase, whereas 100% of the more polar cresols (MW 108) are in the particulate phase (Davis and Nielsen 1999b) .
The approximate chemical composition of whole mainstream cigarette smoke on a wt% basis (smoked under the ISO standard machine-smoking regime of one 35 cm 3 volume puff of 2 s duration taken once per minute) is 96% vapour phase (of which 76% is air, i.e. nitrogen, oxygen and argon) and 4% particulate phase (Dube and Green 1982) .
Machine-generated smoke yields are highly dependent on the cigarette design, for example circumference and length, tobacco blend, porosity of the paper, filter design, and the presence and extent of ventilation (Davis and Nielsen 1999a) . Typical machine-generated yields under ISO smoking conditions are of the order of a few milligrams per cigarette for the tar and carbon monoxide, micrograms per cigarette for some smoke carbonyls, aromatics and hydrogen cyanide, and nanograms for metals and nitrosamines (Davis and Nielsen 1999b) .
The smoke particulate phase compounds can be reduced by a filter material such as paper or cellulose acetate. Today, over 95% of the cigarettes sold globally contain a cellulose acetate filter. The smoke particulate phase matter is mechanically filtered. The three mechanisms by which a particle may be captured by the cellulose acetate filaments are: diffusional deposition, when random particle motion causes collision with a filament; direct interception, when particles pass close enough to a filament to collide with it; and inertial impaction, when particles passing through a filter have sufficient momentum to break from the flow path around a filament and collide with it (Keith 1975) . Work has been carried out to show that the removal of particles can be predicted on the basis of the flow rates and the physical properties of the filter (Duke 1986) .
The focus of the present paper is on the smoke vapour phase. Cellulose acetate filters do not reduce the concentrations of gases present in the smoke, although they do partially reduce the concentrations of compounds such as phenol, which are semi-volatile smoke components. Glycerol triacetate (commonly referred to as triacetin) is applied to the cellulose acetate during filter-rod manufacture as a plasticiser to increase the filter firmness. Typical applications are ca. 6% by weight and it is known that the triacetin migrates to other parts of the cigarette during cigarette storage and transfers to the smoke during puffing.
The levels of many smoke vapour-phase compounds can be reduced using an adsorbent such as activated carbon. Adsorption is highly dependent on the filter design (e.g. the cigarette circumference), the carbon properties (e.g. its pore-size distribution and volume) and the constituent properties of the smoke (e.g. diffusion).
Adsorbents should be stable, non-toxic with no toxic by-products, and should not transfer to the smoke during smoking. Granular particles (not powders) are preferred to avoid pressure-drop issues (i.e. an increase in the "draw effort"). They should be selective towards smoke toxicants with no significant negative impact on sensory characteristics.
Here, we review -using experimental data -the use of activated carbon (often referred to simply as charcoal throughout the tobacco industry) as a filter additive for the adsorption of selected toxicant vapours found in cigarette smoke. The focus will be on the use of microporous coconut-based activated carbon, although optimising the carbon characteristics for maximising adsorption under cigarette-smoking conditions will also be discussed briefly. Although other materials besides activated carbons have been used as filter additives [e.g. sepiolite, Mg 4 Si 6 O 15 (OH) 2 •6H 2 O], they are not described in this paper.
Activated carbon is a ubiquitous general adsorbent used globally for a number of separation purposes, e.g. in gold recovery, water-treatment, and in the removal of hazardous gases and vapours (Bansal and Goyal 2005) . Activated carbon was first used commercially in a cigarette called Tareyton in 1958. It can be incorporated into a cigarette filter in a number of ways, the two most frequently used formats are the so-called "Triple" (whereby the carbon occupies a segment or cavity between two sections of cellulose acetate) and the "Dual" (whereby the filter comprises two segments; the segment next to the tobacco rod having carbon dispersed within the cellulose acetate fibres and the end segment of the filter is cellulose acetate). For research purposes, where more often than not only small samples are available, initial evaluations have commonly been conducted using the Triple cavity filter design. Since the effective contact times between the smoke stream and the filter are relatively short (i.e. of the order of ms), and the carbon loading (typically 40-60 mg) is low compared to many other separation systems, rapid adsorption kinetics are necessary for the efficient reduction of certain cigarette smoke vapours.
The predominant mechanism by which carbon reduces vapours from cigarette smoke is physical adsorption (Rouquerol et al. 1999) . Despite the complex and challenging conditions in which cigarette filter systems must perform (e.g. filter carbon additives can be rapidly poisoned and active sites can be partially blocked by smoke particles), smoke vapours can still be adsorbed by carbon. This is largely due to the high surface area of activated carbon or, more correctly, the high internal pore volume, a large part of which lies in the micropore region (< 2 nm mean width). Micropores are extremely effective for the adsorption of small organic molecules from the smoke. These, coupled with wider meso (transport) pores, can give good adsorption kinetic properties which allow certain carbons to perform effectively under the high, pulsed, flow rates encountered during the smoking process. The effect of pore structure has previously been evaluated using a series of synthetic well-defined carbons at a standard weight (Branton et al. 2009 ).
The adsorption of an individual smoke component can be enhanced by impregnation via a chemisorption mechanism. For example, impregnation with copper will enhance the selectivity of carbon for hydrogen cyanide (Reucroft and Chiou 1977; Barnes et al 2002) . The subject of impregnation is not discussed in the current work.
Vapour diffusion in cigarette-filter carbons is limited by micropore entry and/or diffusion in these small pores. For practical use in dynamic adsorption applications, it is necessary to maximise the mass-transport characteristics of the carbon/vapour system in order to optimise the desired separation(s). When considering carbon use in a cigarette filter, the linear flow rates, pulsed nature of the flow and the temperature profile of the filter are, within normal machinesmoking regimes, essentially fixed. Hence, only the adsorption characteristics of the carbon, and the method of presentation within the acetate component of the filter, are flexible. Consequently, accurate methods for comparing candidate carbons, in terms of their adsorption volumes and rates, are of immense interest as indicators of their general suitability.
A significant amount of work has been carried out on static equilibrium adsorption studies of active carbons (Rouquerol et al. 1999) . However, there is surprisingly little information covering their dynamic use in situations such as those outlined above, where the presence of particulate matter, water vapour and other volatiles complicate the adsorption process. This review considers the main aspects of carbon cigarette filters. It relates the structural properties of Granular Activated Carbons (GACs) to their pore shape and size characteristics, details some of the smoke volatiles to be adsorbed, and then develops some more complex models of vapour diffusion which are relevant to the distributions of pore sizes found in filter carbons. We also consider the (detrimental) effects of carbon ageing on their filtration performance.
Kinetic models are introduced. These models can be used to derive characteristic information from dynamic, rather than static, adsorption and can be used to establish selection criteria for adsorbents in specific applications. Examples of the kinetic models are the so-called linear driving force (LDF) model and its modifications, and the dynamic models proposed by Yoon and Nelson (1984) and Wheeler and Robell (1969) . These are found to provide a suitable basis for the study and characterisation of GACs in the dynamic adsorption applications encountered. The LDF model allows effective comparisons to be made on rates of adsorption by individual carbons. The dynamic models of Wheeler and Robell have potential for deriving information about adsorbate breakthrough times. As far as the present authors are aware, none of these models has as yet been applied in the open literature to dynamic systems related to the present application.
The effects of carbon loading at different flows, of the storage conditions and of potential ageing on the performance during smoking are discussed using a steam-activated coconut-shellbased carbon (1000 m 2 /g surface area, 0.5 cm 3 /g micropore volume). This carbon is used commercially and has also been used as the reference in the development of new carbons and theories.
THEORY
The carbon pore size, pore-size distribution and pore volume, together with the surface chemistry, will all have an effect on the adsorbed quantity and adsorption kinetics of volatile smoke compounds. Ideally, carbons should have sufficient microporosity to allow adsorption of the volume of volatiles produced during smoking, plus a level of wider pores (> 2 nm) to allow dynamic adsorption at the flow rates typically encountered.
The Dubinin-Radushkevich equation (Dubinin and Radushkevich 1947; Dubinin 1989) , and its derivatives, can be used to derive micropore volume information for characterising probe molecules, such as nitrogen and CO 2 , and also for smoke constituents. In its most general form, it may be written as:
( 1) where W 0 is the micropore volume of the carbon and W is the equilibrium adsorption volume at an adsorption potential, A (kJ/mol), viz.
A = RT ln(p/p s )
where p and p s are the equilibrium and saturated vapour pressures of the adsorptive, respectively, R is the gas constant, T (K) is the absolute temperature, β is the adsorptivity of the vapour compared to a suitable reference [traditionally β(C 6 H 6 ) = 1] and E 0 is the characteristic adsorption energy within the micropores. The quantity E 0 has been shown empirically to increase as the micropore width decreases such that E 0 (kJ/mol) = 10.8/L (nm) + 11.4, where L is the average width of the micropores. The adsorption energy potential is assumed to be equal to the molar free energy of adsorption and therefore sufficient to remove 1 mol of free vapour adsorptive to the liquid phase at a corresponding temperature T (K), which is used as the thermodynamic reference point. Hence, with the opposite sign, it is equal to the molar work of adsorption.
In practical terms, it is found from equation (1) that plotting the Type I isotherm for a microporous carbon in the form ln W (cm 3 /g) versus [ln(p/p s )] 2 leads to a linear plot from which W 0 and E 0 can be obtained. Frequently, and for various reasons, deviations from linearity are observed in such plots (Marsh 1987) . However, the linear region is usually sufficient to allow confident extrapolation to the y-axis to obtain W 0 , which gives a sound basis for comparing the capacities of different carbons. The difference between W 0 and the total adsorbed volume (V T ) at a p/p s value near saturation (0.95-0.98 in practical terms) allows a first-order approximation of the wider (> 2 nm) pores.
The above approach has been applied to equilibrium adsorption data to derive characteristic pore volumes and dimensions, i.e. the physical characteristics of carbons. In practice, adsorption is significantly influenced by a second factor, viz. the rate of adsorption under the operating flow conditions.
Dynamic adsorption models essentially reflect the mechanisms of diffusion in porous carbons. It has been concluded (Rao et al. 1985) that two major barriers to diffusion exist: (i) pore entry and (ii) diffusion along the pore. The rate-limiting step in highly microporous carbons is pore entry. A number of dynamic models based on Fickian, barrier resistance/Fickian and linear driving
force (LDF) models have been used to describe adsorption by GACs [see, for example, Rutherford and Coons (2004) ]. For microporous carbons, where pore entry is rate-determining, the adsorption weight/time curves which lead to each equilibrium point of the adsorption isotherm can be fitted to a first-order expression. This leads to an adsorption rate constant which can be use to compare adsorption by different carbons or to assess comparative rates for adsorption of different adsorptives on a given carbon:
where M t is the mass uptake of adsorbate in the pores at time t, M e is the mass uptake at equilibrium and k is the kinetic rate constant.
Using this approach, known as the linear driving force model, plots of M t /M e versus t allow comparison of the relative rates of uptake of various adsorptives on a given carbon, whereas plots of ln(1 -M t /M e ) versus t are linear if LDF mass-transfer kinetics are operating. The rate constant (k) can be derived from the gradient of the plot and is generally found to increase with pressure. It is also sensitive to temperature, and specifically sensitive to the precise characteristics of the adsorptive such as molecular size and shape. Nitrogen and oxygen have been observed to follow the LDF model on molecular sieve-type carbons with values of k varying 25-fold. In contrast, carbon dioxide exhibits a change in diffusion mechanism from pore entry-limited to in-pore as the pressure increases. Consequently, a change in the best-fit model is observed from LDF through barrier resistance/diffusion to Fickian diffusion (Reid and Thomas 2001) .
The combined barrier resistance model invokes the presence of a diffusion barrier at the GAC surface which restricts entry to the microporosity. Thereafter, diffusion is assumed to be Fickian and the carbon particle is assumed to be spherical such that: dC/dt = D(d 2 /dr 2 ) + (2/r)(dC/dr)
where D is the crystallite diffusivity, C is the sorbate concentration in the crystallite, r is the radial coordinate and t is the time:
where k b is the characteristic barrier resistance parameter, r c is the radius of the particle and C * is the surface concentration in equilibrium with the gaseous phase. The term k b = D/r 2 c is the diffusion constant.
The above models in various permutations have been applied to a variety of carbon adsorbents/vapour systems. They have been used to characterise the prevailing overall diffusion mechanisms, and to extract rate constants as a function of pressure, temperature and, in some cases, molecular (adsorptive) character. Unfortunately, the existing data in the literature consider the adsorption of ideal adsorptives such as nitrogen and argon (Reid and Thomas 2001) and alkanes (Fletcher et al. 2007 ) mainly on narrow-pore carbons (i.e. molecular-sieve materials). In the present application, it was considered desirable to test a small set of probe adsorptives on carbons with varied pore-size distributions (PSDs) in order to assess the effects of adsorptive size against pore characteristics. It was also desirable to study the effects of carbon surface chemistry, in particular the effects of variable polarity caused by different surface oxygen levels, since this has been shown to significantly influence the adsorption of water (Bradley and Rand 1993; Rutherford and Coons 2004) . It is essential that this factor be included when considering the adsorption of polar vapours such as phenolic, organonitrile, aldehyde and ketonic compounds.
The parameters M t and M e can be derived using standard sorption (microbalance) techniques, and hence studies may be made over wide ranges of pressure for a given adsorbent. Using this approach, it is possible to derive both pore volume (V, W 0 , etc.) data, pore width and energy alongside rate constants which can be derived numerically from equation (2), and hence a comprehensive characterisation may be obtained. This allows optimisation of adsorption separation, carbon selection for a specific purpose and the prediction of bed capacity in dynamic use.
An additional parameter which is of key interest in the study of packed carbon beds, and which has only recently being studied, is the characteristic breakthrough time (t b ) for a challenge gas stream, or a single individual component of that stream. This has been defined according to the equations of Yoon and Nelson (1984) as: 5) or, more simply, by those of Wheeler and Robell (1969) and Jonas and Rehrmann (1973) as:
where: C x = breakthrough concentration of the vapour C 0 = initial concentration of the vapour T = time to 50% breakthrough k = rate constant k y = adsorption rate constant W e = saturation capacity of the bed (usually in g/g GAC ) W AC = mass of GAC in the bed W′ e = kinetic adsorption capacity at C x /C 0 F 0 = vapour flow rate δ b = bulk density of the bed K = dimensionless proportionality constant The work of Bastic et al. (1988) showed that the above equations can be used successfully to predict t b for dynamic systems with flow rates of 100 cm 3 /min. They applied the Wheeler equation at much higher flows, as consistent with respiratory protection (50 ᐉ/min). Bastic et al. proposed the empirical expression:
using benzene as a model contaminant in a nitrogen flow of 100 cm 3 /min. Hence, using a combination of equilibrium isotherm analysis and dynamic (time-resolved) measurements, characterisations have been achieved which allow effective comparison of different carbons.
EXPERIMENTAL
The tobacco type, filter, cigarette format and cigarette paper can all influence machine-generated cigarette smoke yields. When investigating the role of filter additive materials on the smoke chemistry, it is prudent to keep as many design features as possible constant to enable a robust interpretation of the data. A reference cigarette is therefore used throughout, the only change being the filter additive. Cigarettes are stored under the same temperature, humidity and times, and machine-smoked under similar conditions. This allows comparisons of different filter additives, helps to elucidate filtration mechanisms and thus supports the design of new and potentially more efficient filter additives.
To compare smoke characteristics and smoke yields between different cigarettes, they are machine-smoked to a specified length according to a set of internationally agreed standard smoking conditions. In the standard method (ISO), cigarettes are smoked at a puff volume of 35 cm 3 , 2-s puff duration and frequency of one puff every 60 s in a controlled environment (referred to as 35/2/60) (Thomsen 1992; ISO 2000) .
Other more intensive smoking regimes are also sometimes used to meet regulatory requirements, such as a 55/2/30 smoking regime (i.e. a 55 cm 3 volume puff of 2 s duration taken every 30 s) with all filter vents blocked. Smoke results are also shown using this regime (the reference cigarette used in the current work had no filter tip ventilation).
Once cigarettes have been prepared they are conditioned at a temperature of 22 ºC and a relative humidity (RH) of 60%. As carbon can "age" (for example, under humid conditions), smoking is performed after cigarette preparation at a constant time of three weeks.
For an initial evaluation of carbons in a cigarette filter, cigarettes are prepared by manually weighing 60 mg of carbon into the cavity of a reference cigarette (a cigarette filter length of 27 mm, tobacco rod length of 56 mm, cigarette circumference 24.7 mm, a 50 Coresta unit permeability cigarette paper and a Virginia tobacco blend of 255 mg/cm 3 density at a moisture content of 13%). The filter is a three-component design with a 10 mm cellulose acetate tobacco rod end segment, typically a 4 mm cavity containing carbon (depending on carbon density) and a 13 mm cellulose acetate mouth end segment, and the filter is unventilated.
After cigarettes are conditioned as mentioned above, they are then smoked under ISO smoking conditions. As a control, a cigarette with an empty cavity of similar volume is employed. The smoke particulate phase is collected on a glass fibre "Cambridge" filter pad and analysed. Tar is the term applied to the mass of the collected smoke particulate fraction minus the masses of water and nicotine content. It is also called Nicotine Free Dry Particulate Matter (NFDPM). The smoke toxicants typically measured for the purpose of evaluating a cigarette filter adsorbent additive are based on a sub-set of the "Hoffmann list", a list of chemical components in tobacco smoke first published in 1986 by Dietrich Hoffmann and co-workers at the American Health Foundation and since updated (Hoffmann and Hoffmann 1997). This list includes selected aromatic volatiles (measured via an automated thermal desorption/gas chromatography-mass spectrometry technique), hydrogen cyanide (measured via a continuous flow analysis technique) and selected carbonyls (measured via a high-performance liquid chromatography technique) (see the website www.bat-science.com for more information). The percentage reductions of the various smoke components are calculated relative to yields from the same cigarette construction but containing no additive in the filter. Where yields are below the limit of quantification (LOQ), the LOQ values are used to calculate the percentage reductions. This method serves as a useful technique for the screening of carbon activity (or filter material, in general) in cigarette smoke.
The activated carbon used in commercial cigarettes is predominantly microporous, steamactivated and coconut-based. Typical surface areas are ca. 1000 m 2 /g with a micropore volume of ca. 0.5 cm 3 /g. This carbon was used as a control in the current studies.
RESULTS AND DISCUSSION

Effect of carbon loading on adsorption
The effects of carbon loading on the total yield and composition of the resulting smoke stream is illustrated by the data listed in Table 1 for test cigarettes with no carbon and with carbon added in six weight increments from 20 mg to 120 mg. Rod and mouth end cellulose acetate length sections were kept constant throughout. A maximum cavity fill value was used for all loadings and therefore the overall filter lengths increase by ca. 1 mm for every 15 mg of carbon used. All cigarettes were conditioned and smoked under a 35/2/60 regime as discussed earlier. The smoke component yields listed in Table 1 were the mean values of three replicates. From Table 1 , it can be seen that the addition of carbon at loadings up to 120 mg per filter had only a slight effect on the tar and nicotine yields (i.e. the particulate phase), possibly due to extra mechanical filtration caused by a longer filter. For all the vapours measured, there was a decrease in yield as the carbon loading was increased. This is shown graphically in Figure 1 (using a range of vapours only for clarity) with the acetaldehyde/acetone values multiplied by 0.1 for scaling purposes. Carbon monoxide gas is not adsorbed by carbon at room temperature. The reductions in vapour yields with respect to carbon loading were non-linear, the reductions tailing off above a carbon loading of ca. 60 mg.
The filtration efficiency (FE) is defined as the weight of smoke constituent retained by the filter divided by the constituent yield from the tobacco rod × 100%. Figure 2 shows a plot of ln(1 -FE/100) versus carbon weight (for clarity, only four vapours are shown). As can be seen from the figure, such a plot is linear and thus, for a constant cigarette design, it is possible to estimate the removal efficiency at a given weight of carbon and hence the yield. The greater the gradient, the greater the effect of carbon weight on the adsorption of the smoke constituent. The slopes for both smoking regimes, together with their respective correlation coefficients (R 2 ) for all the smoke compounds measured, are listed in Table 2 . As would be expected, since filtration efficiency decreases with increasing flow, the slopes are lower at the more intense smoke regime. There is no obvious trend between the slopes and the analyte vapour pressure, although the lowest slopes were achieved for 1,3-butadiene and acetaldehyde -the two smoke analytes measured with the highest vapour pressures. Similarly, there is no obvious trend between the slopes and the analyte diffusivities (as determined using the analyte mean free paths). There are insufficient data to allow evaluation using the equations given earlier in Section 2 above.
Effect of flow rate on adsorption
The same cigarettes listed in Table 1 above were also smoked under a 55/2/30 regime, i.e. the puff volume was increased from 35 cm 3 to 55 cm 3 , the puff duration being maintained at 2 s but the puff frequency being increased by reducing the puff frequency interval from 60 s to 30 s. The corresponding smoke yields are listed in Table 3 . The smoke vapour yields are higher due to the higher puff volumes and frequency, and the lower retention efficiency. As can be seen from Table 3 , there were still small decreases in tar and nicotine as the carbon weight increased for the same reasons given for the lower flow rate. The smoke vapour yields still decreased as the carbon loading was increased, although the effect of carbon weight was smaller at the higher flow rate. The reductions in yields with increasing carbon loading are depicted in Figure 3 (again using a range of vapours only for clarity).
Unsurprisingly, filtration efficiencies decreased with the increase in flow ( Table 2 ). The contact time between carbon and vapour is lower as the flow rate is increased. Plots of ln(1 -FE/100) versus carbon weight were linear for both smoke regimes.
Smoke yields were higher and the calculated percentage reductions for each smoke constituent relative to a cigarette containing no carbon were lower under the higher flow-rate smoking regime. This is not surprising as the contact times with the adsorbent bed were lower and very fast adsorption kinetics were required. However, the data obtained were insufficient to model using the equations described in the Section 2 above. It should be noted that the filter temperature (in the centre of the filter) remains constant at approximately ambient temperature for the first few puffs irrespective of the smoking regime. The filter temperature increases up to ca. 70 ºC for the last 12 P. Branton and R.H. Bradley/Adsorption Science & Technology Vol. 28 No. 1 2010 couple of puffs before rapidly falling away (Zha et al. 2006) . These filter temperatures are largely independent of the flow rate, i.e. the smoke regime. An increase in temperature would cause a reduction in adsorption, but an increase in the diffusion rate. The ratios of the individual smoke component yields at the smoking regimes described above, i.e. the yield at a 55/2/30 regime divided by the yield at a 35/2/60 regime, are listed in Table 4 .
The data recorded in this table show that the ratios of yields under the different smoking regimes varied from ca. 2 to 4 depending on the smoke constituent. The chemistry of the smoke constituent and the strength of the interaction with the carbon may both affect the ratios. The lowest ratios were those for smoke constituents that are not affected by carbon, for example carbon monoxide, and these are obviously independent of the carbon weight. It will also be seen that for the majority of the smoke constituents reduced by carbon, there was a slight increase in the ratio as the carbon loading was increased. Since the majority of R 2 values were greater than 0.7, there is a strong association between the carbon weight and the yield ratio. This increase in yield ratio is a reflection of the less efficient smoke constituent removal at the higher flow rate.
Effect of porosity on adsorption
The effect of pore size on adsorption in a cigarette filter has been reported elsewhere (Branton et al. 2009 ). The effect of increasing the micropore volume was explored as was the addition of mesopores and macropores. The effect on smoke yields (under ISO conditions using similar cigarettes and employing the procedures described earlier) of increasing the micropore volume from 0.56 cm 3 /g to 1.07 cm 3 /g, and adding 0.70 cm 3 /g of mesopores and small macropores to 0.54 cm 3 /g of micropores, are listed in Table 5 and depicted in Figure 4 . From both table and figure, it is seen that increasing the number of micropores resulted in greater adsorption and thus lower smoke vapour yields. The addition of mesopores/small macropores led to enhanced adsorption through improved transport to the micropores.
Using equation (2), rate constants have been derived for the adsorption of nitrogen at -196 ºC and of the smoke constituents acetaldehyde and benzene at 25 ºC onto a microporous (0.4 cm 3 /g micropore volume) and a micro-/meso-porous (0.6 cm 3 /g micropore + 0.6 cm 3 /g mesopore volume) carbon. The rate constants were measured at various points on the isotherms and the corresponding data are listed in Table 6 . It is evident that using the micro-/meso-porous carbon led to an increase in the rate constants, typically by factors of ca. 2-3. This approach is currently being used, along with the analysis of dynamic breakthrough data using equations (6) and (7), to investigate the importance of various carbon parameters on adsorption under high flow-rate conditions. 16 P. Branton and R.H. Bradley/Adsorption Science & Technology Vol. 28 No. 1 2010 
Effects of ageing and carbon surface chemistry on adsorption
Examination of the effect of ageing, i.e. short-term storage after manufacture, on carbon performance in a cigarette filter has shown that carbon de-activation is initially fast during the first three weeks after manufacture, before a subsequent gradual levelling off in performance (Clarke et al. 1996) . Ageing is caused by interactions with the tobacco volatiles, i.e. water vapour and plasticiser. When evaluating new materials, cigarettes are stored at 22 ºC and 60% RH for a period of three weeks prior to smoking. If smoking is performed earlier, the exact time of smoking following cigarette manufacture is critical and must be the same for all cigarettes sampled. If not, the results may be difficult to interpret. An ageing period of greater than three weeks offers no benefit as the subsequent change in performance over time is small.
Ageing effects caused by adsorbed water
The adsorption of polar molecules found in cigarette smoke, e.g. water, aldehydes and ketones, onto carbon surfaces is strongly dependent on specific, hydrogen-bonding interactions which occur with polar sites. These are usually oxygen functional groups which are covalently bonded onto the edges of carbon layer planes (Boehm 2002) . The concentration of these sites may change, e.g. they can increase as a result of storage or prolonged exposure to moisture. This increases the hydrophilicity of the carbon structure, causing increased adsorption of water vapour in use. This process reduces the available open porosity and is usually detrimental to the adsorption of target species. Conversely, in principle, surface modifications can be used to minimise ageing and optimise the selective adsorption of toxicants. Polar adsorptivity and interactivity is known to correlate strongly with the surface oxygen levels of the carbon (Bradley et al. 1995; Lopez-Ramon et al. 2000; Andreu et al. 2007a,b) . Such levels can be measured using X-ray photoelectron spectroscopy (Bradley et al. 2002 , Andreu et al. 2007a , temperature-programmed desorption (Boehm and Knozinger 1983) or water vapour sorption. The adsorption isotherms for strongly polar species exhibit a shift to higher relative pressures as the total surface oxygen level of the carbon decreases. The increase in surface polar free energy is also reflected by increases in the enthalpy of immersion [-h i (J/m 2 )] in polar liquids such as water and methanol.
For water vapour, the adsorption data, which result in Type III or V isotherms (BDDT classification, see Sing et al. 1985) , may be analysed using the Dubinin-Serpinsky equation (Dubinin et al. 1955; Dubinin and Serpinsky 1981) . The resulting parameter, a 0 (which describes the surface concentration of primary polar adsorption sites), has been shown to correlate closely with the measured carbon surface oxygen level (Bradley et al. 1995; Andreu et al. 2007a,b) . This also influences both the degree-of-fit to the equation and the value of the limiting experimental water adsorption, a s (Andreu et al. 2007a,b) . For polar organic adsorptives, where Type I and II isotherms are observed, the data conform to the Dubinin-Radushkevich and Dubinin-Radushkevich-Kaganar equations respectively (Kaganar 1957) . Here, the specific (polar) interaction is reflected in a shift in the operative β affinity coefficient (Andreu et al. 2007a,b) .
The water vapour isotherms at 22 ºC onto coconut carbon steam-activated for 1 day and 3 days, respectively, to yield microporous carbons with corresponding surface areas of 800 m 2 /g and 1300 m 2 /g, are shown in Figure 5 (Mola et al. 2008) . They are Type V in nature, indicative of adsorption onto a micro-/meso-porous material where, at higher relative pressures, the adsorbate-adsorbate interactions are stronger than the adsorbate-adsorbent interactions. It can be seen from the figure that the relative positions of the hysteresis loops are similar. An increase in hydrophobicity is accompanied by a shift in the hysteresis loop to higher relative humidities (Bradley and Rand 1993) . An increase in temperature will also result in a shift in the hysteresis loop but to lower relative humidities, and this will thus accelerate the carbon ageing (Peters 2007).
Where ageing is solely due to carbon surface oxidation -and consequent increases in surface polarity -a carbon with hydrophobic properties may be used to increase both the adsorption Relative humidity, RH (%) Adsorption (mmol/g) efficiency and to increase the breakthrough times for selected organic species. Figure 6 shows the adsorption of a small range of organic species at 30 ºC, water at 25 ºC and nitrogen at -196 ºC onto a generic carbon (BPL) used for gas-phase separations, and onto the same carbon after treatment using a plasma-based chemical vapour deposition (CVD) hydrophobic nano-coating known as Wetsorb (Falco et al. 2006 (Falco et al. , 2007 . It will be noted that the adsorption volumes for the organics at 30 ºC were equivalent to the open pore volumes as measured by nitrogen adsorption (0.4-0.45 cm 3 /g), whereas the water adsorption was greatly suppressed. In dynamic adsorption tests using an air stream flow of 1 ᐉ/min at 80% RH and after six weeks accelerated ageing at 80% RH, the effect of this hydrophobicity was evident from an increase in hexane breakthrough time to 23 min, as opposed to 16 min for the untreated carbon.
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Effect of tobacco volatiles and triacetin on carbon
There are two other possibilities by which carbons can age in a cigarette filter, viz. exposure to tobacco volatiles and ageing due to the filter rod plasticiser, e.g. triacetin.
To date, over 5000 compounds have been identified in tobacco leaf (Rodgman and Perfetti 2009 ). To some extent, many of these will be volatile (tobacco has a unique odour associated with it) and thus adsorption by the carbon in the filter is highly likely. Triacetin (glycerol triacetate, CAS No. 102-76-1) is the plasticiser typically used when manufacturing cigarette filters and thus will come into contact with the carbon in the filter. Carbon ageing by tobacco volatiles is temperaturedependent (the higher the temperature, the greater the effect). Interestingly, the tobacco type does not have a significant effect on the carbon ageing (Peters 2007).
Many studies have been conducted on the identification and quantification of the volatile constituents of tobacco (Roeraade and Enzell 1972; Rix et al. 1977) . The exact composition is dependent on the tobacco blend. Many of the volatiles are odorous at the levels present and the aroma of the tobacco blend is highly dependent on the exact tobacco types used. GC-MS headspace analysis is a useful technique for identifying (and quantifying) these compounds (Loughrin et al. 1990) .
Triacetin sorption has been studied on a range of carbon materials. The physisorbed triacetin is strongly held in the micropores, and can only be removed through the use of aggressive conditions such a vacuum and temperatures above ca. 300 ºC . The effect of triacetin on carbon depends greatly on the smoke analyte and the weight of carbon present, but in practice is generally small (Walker and Taylor 2007).
The exact relative contributions of water vapour, tobacco volatiles and triacetin plasticiser on the ageing of carbon in a cigarette filter are unknown. Changing the surface chemistry of carbon may be a way forward to minimise this effect and thus maximise the surface area available for the adsorption of the smoke vapour-phase compounds.
CONCLUSIONS
For an additive to perform in a cigarette filter, it must work under high flow rates (> 1 ᐉ/min), with short contact times (< 10 ms) and at relatively low loadings (typically 40-60 mg). The additive should be stable in storage (i.e. when exposed to tobacco volatiles, plasticiser and water vapour) and should be an effective adsorbent for a wide range of organic toxicants present in the smoke vapour phase. To a degree, general activated carbons, e.g. nutshell-based materials, satisfy these criteria. However, for maximising adsorption, the kinetics achieved using these microporous materials have been found to be too slow. Carbons with a pore structure comprising relatively high total pore volumes (1.2 cm 3 /g) with an approximate 50:50 distribution of both micropores and meso-/macro-pores are emerging as more effective adsorbents under standard machine-smoking conditions. Preliminary tests show that these give adsorption rates for a limited number of test analytes which are twice as fast as materials previously studied. Further studies are currently under way using the dynamic approaches reviewed. Similarly, surface chemistry and surface chemical treatments are being studied to both further optimise adsorption and to assist in the control of competitive water adsorption and carbon ageing, both of which are detrimental to smoke toxicant removal.
